PSD-95 is a major protein found in virtually all mature excitatory glutamatergic synapses in the brain. Here, we have addressed the role of PSD-95 in controlling glutamatergic synapse function by generating and characterizing a PSD-95 KO mouse. We found that the ␣-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) subtype of glutamate receptor (AMPAR)-mediated synaptic transmission was reduced in these mice. Two-photon (2P) uncaging of MNI-glutamate onto individual spines suggested that the decrease in AMPAR function in the PSD-95 KO mouse stems from an increase in the proportion of ''silent'' synapses i.e., synapses containing N-methyl-D-aspartate (NMDA) receptors (NMDARs) but no AMPARs. Unexpectedly, the silent synapses in the KO mouse were located onto morphologically mature spines. We also observed that a significant population of synapses appeared unaffected by PSD-95 gene deletion, suggesting that the functional role of PSD-95 displays synapse-specificity. In addition, we report that the decay of NMDAR-mediated current was slower in KO mice: The contribution of NR2B subunit containing receptors to the NMDARmediated synaptic current was greater in KO mice. The greater occurrence of silent synapses might be related to the greater magnitude of potentiation after long-term potentiation induction observed in these mice. Together, these results suggest a synapsespecific role for PSD-95 in controlling synaptic function that is independent of spine morphology.
G
lutamate, the major excitatory neurotransmitter in the brain, activates ionotropic glutamate receptors of the ␣-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA), N-methyl-D-aspartate (NMDA), and kainate subtypes. There is considerable interest in elucidating the molecular mechanisms that controls synaptic targeting and trafficking of these receptors, in part because of their role in the induction and expression of various forms of synaptic plasticity (1) . These receptors are imbedded in an electron-dense structure, the postsynaptic density (PSD), which is believed to contain key molecules involved in the regulation of glutamate receptor targeting and trafficking. PSD-95, a member of the membraneassociated guanylate kinase (MAGUK) superfamily of proteins, is a core component of the PSD and is thought to be important in the control of excitatory synapse function (2, 3) . Because of its interaction with the cytoplasmic domains of NMDA receptor (NMDAR) subunits, it has long been suspected that PSD-95 might control the synaptic targeting of NMDARs (4, 5) . However, more recent studies based on sustained or transient overexpression of PSD-95 in neurons have forced a reassessment of this view by suggesting that the primary role of PSD-95 is restricted to controlling AMPAR synaptic expression (6) (7) (8) (9) (10) . Intriguingly, previous work on a PSD-95 KO mouse, reported no apparent changes in either AMPAR or NMDAR function (11) . The interpretation of these data are, however, complicated by the fact that these PSD-95 KO mice still express, albeit at low levels, a functional truncated form of PSD-95 (7, 10).
Here, we have reexamined the role of PSD-95 in glutamatergic neurotransmission in the hippocampus by carrying out electrophysiological recordings in a mouse line carrying a complete PSD-95 gene deletion. Our results outline a defect in AMPARmediated transmission in the hippocampus of the KO mice. This effect can fully be accounted for by the greater proportion of ''silent'' synapses found in KO mice as determined by twophoton (2P) uncaging of MNI-glutamate (MNI-GLU). Interestingly, the defect in AMPAR function induced by PSD-95 gene deletion appeared to be restricted to only a subpopulation of synapses, thereby suggesting that PSD-95 displays synapse specificity in its actions. In addition, these silent synapses found in KO mice were observed on morphologically mature spines, suggesting that PSD-95 plays a distinct role in controlling glutamatergic synapse function and spine morphology.
Results
A previous study using gene targeting of the PSD-95 gene resulted in the expression of a truncated form of PSD-95 that contained the N-terminal portion of PSD-95 including PDZ domains 1 and 2 (11) . This truncated form has been shown to functionally mimic the effect of full length PSD-95 on AMPAR synaptic expression (7) . To generate a complete KO and minimize the possibility of generating a functional PSD-95 deletion, a targeting construct was designed to delete PDZ 1 and 2 and generate an out-of-frame PSD-95 transcript (Fig. 5A , which is published as supporting information on the PNAS web site). By using this targeting construct, the PSD-95 gene was disrupted by homologous recombination in embryonic stem cells. Proper targeting was confirmed by Southern blot analysis of genomic DNA using the probe depicted in Fig. 5B and by PCR analysis. Western blot analysis confirmed that PSD-95 protein was not expressed in PSD-95 Ϫ/Ϫ (KO) mice (Fig. 5C ). Similar results were obtained with several PSD-95 antibodies (data not shown). No gross anatomical or obvious behavioral abnormalities were apparent in these mice.
the ratio of AMPA to NMDA receptor components of evoked excitatory postsynaptic currents (eEPSCs) in pyramidal neurons of the CA1 region of the hippocampus. We recorded eEPSCs while clamping the cell at ϩ40 mV. In these conditions, both AMPA and NMDARs are activated by synaptically released glutamate, and their respective contribution to the eEPSC was determined pharmacologically by administration of the NMDAR antagonist DL-AP5 (100 M; Fig. 1A1 ; and see Supporting Methods, which is published as supporting information on the PNAS web site) (9, 12, 13) . The AMPAR͞NMDAR ratio was significantly reduced in KO compared with agematched littermate PSD-95 ϩ/ϩ mice (WT; Fig. 1 A1) .
Because AMPAR-and NMDAR-mediated synaptic responses are kinetically distinguishable, we could also approximate AMPAR and NMDAR components by measuring the amplitude of the synaptic current at different time points of the eEPSCs at ϩ40 mV (see Fig. 1 A2 and Supporting Methods). Although less precise, this method allowed sampling over a much broader population of recordings and allowed us to estimate the developmental profile of the defect in synaptic transmission induced by genetic deletion of PSD-95 (Fig. 1B) . In young animals [postnatal day (P)9-P12], the AMPA͞NMDA ratio was not altered in the KO compared with WT mice. However, this ratio was reduced by Ϸ30% in KO slices in a slightly older age group (P14-P20), and this reduction persisted in the older animals tested (Fig. 1B) .
In principle, a change in rectification properties of AMPARs could account for the decrease in AMPAR͞NMDAR ratio observed at ϩ40 mV even though spermine was not included in our pipette solution. To control for this possibility, we obtained full I-V curves of AMPAR-mediated EPSCs and found no changes in rectification of AMPAR currents between WT and KO mice (Fig.  6 , which is published as supporting information on the PNAS web site). Together, these results outline a general defect in glutamatergic transmission in mice lacking PSD-95. In addition, the developmental profile of this defect is broadly consistent with the known expression profile of PSD-95, which begins to be highly expressed in the hippocampus at around P10 (14) . of AMPARs, an increase in the number (or function) of NMDAR, or a combination of both. To distinguish between these possibilities, we next recorded AMPAR-mediated mEPSCs. During the developmental period studied here (P8-P25), we observed in WT mice an increase in the frequency of mEPSCs with increasing age (Fig.  1C) . This developmentally regulated increase in mEPSC frequency was largely abolished in KO mice. Thus, by the 3rd week of life, the frequency of mEPSCs was reduced by Ϸ50% in KO mice (Fig. 1C) . We observed no differences in the amplitude of mEPSCs between WT and KO mice at all ages tested (Fig. 1C) .
A decrease in the frequency of mEPSCs can reflect either a decrease in the probability of neurotransmitter release or a decrease in the number of AMPAR-containing synapses. To distinguish between these possibilities, we carried out pairedpulse ratio analysis, a measure of presynaptic neurotransmitter release probability, and found no difference between WT and KO mice (Fig. 7 , which is published as supporting information on the PNAS web site). The reduction in frequency of mEPSCs in KO mice may thus reflect a reduction in the number of AMPARcontaining synapses. Furthermore, because this reduction in mEPSC frequency can quantitatively account for the reduction in AMPAR͞NMDAR ratio observed in KO mice, these results suggest that synaptic NMDAR function is largely unaffected in these mice. Together, these observations suggest the intriguing possibility that a greater proportion of synapses in KO mice would be functionally silent [i.e., containing NMDARs but no AMPARs (15, 16) ].
2P Uncaging of MNI-GLU Reveals Silent Synapses in Developing CA1
Pyramidal Neurons. The existence of silent synapses was originally demonstrated by minimal stimulation experiments, which are believed to monitor synaptic responses elicited by activation of single synapses (16, 17) . These experiments are laborious and do not lend themselves with ease to quantitative comparison between groups. We therefore systematically probed the function of individual synapses (i.e., determined whether they are functional or silent) by locally and transiently ''uncaging'' glutamate by laser photolysis of a glutamate analog, MNI-caged-Lglutamate (MNI-GLU). Neurons (filled for Ͼ20 min with Alexa Fluor 594) were first imaged by confocal microscopy to identify dendritic spines ( Fig. 2A) . In agreement with a report using AMPAR-function is decreased in PSD-95 Ϫ/Ϫ mice. (A) In A1, the AMPA͞NMDA ratio was determined by subtracting the traces obtained in 100 M D-L AP5 from those obtained in its absence (C ϩ 1) and was found to be significantly lower (P Ͻ 0.05, Student's t test) in KO (n ϭ 9) compared with WT (n ϭ 5) mice. These results were obtained in agematched littermates (P16 -P20). In A2, the AMPA͞NMDA ratio was calculated by estimating the respective AMPA (1) and NMDAR (2) current on the traces at ϩ40 mV based on their different time courses (as depicted in the Inset). The AMPA͞NMDA ratio was significantly lower (P Ͻ 0.01, Student's t test) in KO (n ϭ 19) than in WT mice (n ϭ 18). (B) The AMPA͞NMDA ratios obtained by the method depicted in A2 are shown binned according to the age of the animals (P9 -P12, P ϭ 0.07, n ϭ 5 each; P14 -20, P Ͻ 0.05; n ϭ 7 each; P21-P24, P Ͻ 0.05; n ϭ 6 for WT and n ϭ 7 for KO). (C) Frequency and amplitude of mEPSCs were binned according to the age of the animals. For the frequency of events: P8 -P10, P ϭ 0.3; n ϭ 11 for WT and n ϭ 4 for KO mice; P14 -P20, P Ͻ 0.05; n ϭ 10 for WT and n ϭ 16 for KO mice; P21-P25, P Ͻ 0.05; n ϭ 10 for WT and n ϭ 8 for KO mice. For this and subsequent figures, an asterisk indicates statistical significance. similar methodologies (18) , bath administration of MNI-GLU (5 mM) did not activate any obvious membrane conductance at Ϫ70 mV (data not shown). Under these conditions, brief focal laser illumination (720 nm) of a dendritic spine elicited rapidly activating and inactivating inward currents (2P-EPSC; n Ͼ 100; Fig. 2 ). The kinetic properties of 2P-EPSCs were indistinguishable from those displayed by mEPSCs recorded from the same cell (rise, 3.4 Ϯ 0.7 ms and 2.7 Ϯ 0.5 ms; decay, 8.4 Ϯ 1.9 ms and 7.8 Ϯ 1.5 ms for 2P-EPSCs and mEPSCs, respectively; n ϭ 6; Fig.  2B ). To determine the spatial profile of the uncaging spot, we focused the laser beam at fixed spatial intervals (0.5 m) along an axis perpendicular to the length of a spine ( Fig. 2C ) while recording the elicited current. The FWHM values of the resulting Gaussian function (amplitude vs. location) was 1.39 Ϯ 0.9 m, whereas that of the fluorescence profile of the spine per se was 0.65 Ϯ 0.01 m, thereby confirming the local nature of the uncaging event within the constraints expected from the size of the diffraction-limited spot in our conditions and from diffusion of uncaged glutamate. To minimize spillover of the uncaging event, we carefully chose spines that were separated by ϾϷ2 m from their closest neighbor. Uncaging MNI-GLU while holding the voltage of the neuron at different values yielded currents that behaved like those induced by endogenously released glutamate: the currents reversed at Ϸ0 mV and displayed slower decay at depolarized potentials, as expected from the gradual recruitment of voltage-dependent NMDARs (Fig. 2D) . The current induced by uncaging MNI-GLU was mediated by both AMPARs and NMDARs at ϩ40 mV and solely by AMPARs at Ϫ70 mV (Fig. 2E) . Together, these findings show that uncaging MNI-GLU onto spines activates ionotropic glutamate receptors in a manner closely mimicking activation by endogenous glutamate.
To determine whether this approach was able to detect silent synapses, we focused our attention on young (P7-P8) developing rat hippocampal slices where silent synapses have been shown to be prevalent (15, 16) . We initially uncaged MNI-GLU onto characteristically long, thin filopodia-like spines because they are believed to be largely devoid of AMPARs (18) . Fig. 2F depicts two such spines from which we recorded 2P-EPSCs only when the cell was voltage-clamped at ϩ40 mV. These filopodia thus appeared to express on their surface functional NMDARs but no AMPARs and, as such, fulfilled the definition generally agreed upon for silent synapses. As reported in ref. 18 , we also observed a correlation between the amplitude of AMPAR-mediated 2P-EPSC and the volume of spine heads, but not spine length, at this young age (see Fig. 8A , which is published as supporting information on the PNAS web site).
Altogether, these results indicate that this approach affords remarkably precise spatial and temporal control of ionotropic glutamate receptor activation at individual spines while also allowing correlative analysis of function and morphology.
There Are More Silent Synapses in PSD-95 ؊/؊ Mice as Detected by 2P-Uncaging of MNI-GLU. At silent synapses, NMDAR-mediated synaptic responses are Ϸ5-15 pA in amplitude when recorded at ϩ40 mV (16) . To detect silent synapses in the most physiologically relevant manner, we adjusted the uncaging laser power to obtain NMDAR-mediated 2P-EPSCs of 5-15 pA at ϩ40 mV. We then measured the AMPAR-mediated 2P-EPSCs at Ϫ70 mV and computed an AMPA͞NMDA ratio for each spine (see Supporting Methods for more details). Examples of spines and corresponding 2P-EPSCs traces at ϩ40 and Ϫ70 mV are shown in Fig. 3A . Using this approach in WT (P13-P16) mice, we found that individual spines exhibited remarkable heterogeneity as inferred from analysis of their AMPAR͞NMDAR ratios in response to 2P-uncaging (range from 0.15 to Ϸ3; Fig. 3B ). The high ratios observed are unlikely to reflect poor voltage clamping of the spine under study (which would lead to an underestimate of NMDAR current at ϩ40 mV) because fast AMPAR-mediated 2P-EPSCs can readily be seen on the traces at ϩ40 mV (Fig. 3A) . This broad range of AMPA͞ NMDA ratios for individual spines was also found in neurons from age-matched KO mice. However, the distribution of those ratios was highly skewed such that a greater proportion of spines exhibited very low, or zero, AMPA͞NMDA ratios in KO compared with WT mice (Fig. 3B) . We thus readily detected silent synapses only in KO mice. Consistent with our previous observations, the averaged AMPA͞NMDA ratios across all spines we analyzed was significantly lower in the KO compared with WT mice (Fig. 3 B and D) . Thus, these results suggest that the reduction in AMPA͞NMDA ratio observed in KO mice selectively stems from a greater occurrence of silent synapses. Importantly, the distribution of AMPA͞ NMDA ratios revealed that some spines in the KO mice exhibited ratios as high as the highest encountered in the WT mice. These results indicate that a subpopulation of synapses appeared unaffected by PSD-95 deletion.
Divergence Between the Effects of PSD-95 ؊/؊ Gene Deletion on Synaptic Function and Spine Volume. As determined by 2P-uncaging on synapses from young (P7-P8) rat, we found that small, filopodia-like spines appeared to be largely devoid of AMPARs ( Fig. 2F and ref. 18 ), although they expressed NMDAR-mediated dependent current (Fig. 2F) . We thus hypothesized that the silent synapses observed in KO mice would predominantly be located on smaller, less developed, filopodialike spines. To address this possibility, we plotted the AMPA͞ NMDA ratio obtained by 2P-uncaging for each spine against their respective volume (see Supporting Methods). In WT mice, we found that spine volume was not correlated with AMPA͞ NMDA ratios ( Fig. 3C ; R 2 ϭ 0.04, n ϭ 20). This lack of correlation was expected because these recordings were carried out in mice at an age (P13-P16) where AMPAR current was not correlated to spine volume (data not shown) and where silent synapses were not readily detected under our conditions (Fig.  3B) . Interestingly, we also found that spine volume was not correlated with AMPA͞NMDA ratio in the KO mice ( Fig. 3C ; R 2 ϭ 0.08; n ϭ 25). Closer examination revealed that the volume of spines that were found to be silent in KO mice spanned close to the entire range of spine volumes of the population. Thus, these results show that the silent synapses observed in KO mice are not restricted to smaller, less ''developed'' spines.
Although the results outlined above show that AMPA͞NMDA ratios were not correlated to spine volume, it remains possible that there was a generalized reduction in spine volume in KO mice. For the spines from which we computed 2P-AMPA͞NMDA ratios, we did not observe any significant difference in spine volume between WT and KO mice (Fig. 3 C and D) . To avoid a possible selection bias toward a morphologically homogenous population, we also determined spine volume from a much broader population of spines and also found that spine volumes were unchanged in KO mice (Fig. 3E) . These results suggest that the general deficit in synaptic function observed after PSD-95 gene deletion is not accompanied by any significant changes in the average spine volume. However, we observed a small but significant increase in spine length in the KO mice (see Fig. 9 , which is published as supporting information on the PNAS web site).
Decay Kinetics of NMDAR-Mediated Synaptic Currents Are Slower in
the PSD-95 ؊/؊ Mice. During the course of the experiments aimed at determining AMPA͞NMDA ratio of eEPSCs at ϩ40 mV ( Fig.   1 B and C) , we noticed that the late portion of synaptic currents recorded at ϩ40 mV (which predominantly reflects activation of NMDARs) tended to exhibit slower decay in the KO mice (time constants: WT, 78.2 Ϯ 8.9 ms, n ϭ 17; KO, 106.8 Ϯ 7.1 ms, n ϭ 15; P Ͻ 0.05; current decay fitted with a simple monoexponential). To address this issue more rigorously, we recorded isolated NMDAR-mediated synaptic currents (in 0.1 mM Mg 2ϩ ͞10 mM glycine͞10 M NBQX; Fig. 4A ). The isolated NMDAR synaptic currents in both WT and KO mice were best fitted by a double exponential decay (Fig. 10A , which is published as supporting information on the PNAS web site). As shown in Fig. 4B , the weighed time constant for NMDAR decay kinetics were significantly longer in KO compared with WT mice.
There are several mechanisms that could account for the longer NMDAR decay kinetics observed in KO mice. Studies in heterologous cells have shown that NMDA receptors containing NR2B-D subunits exhibit slower deactivation than those containing NR2A (19) , raising the possibility that the longer decay kinetics observed in KO mice may reflect synaptic NMDAR of different subunit composition. The specific changes in decay kinetics of NMDAR-mediated currents (Fig. 10 ) are fully consistent with this idea (19) . To further test this possibility, we determined the effects of the preferential NR2B-containing NMDAR antagonist ifenprodil on isolated NMDAR-mediated currents. We found that the inhibitory effect of ifenprodil (3 M) on NMDAR-mediated currents was significantly greater in the KO mice, thereby suggesting that there is a greater contribution of NR2B subunit-containing NMDARs to the NMDARmediated synaptic current after PSD-95 gene deletion (Fig. 4C) .
Although our 2P-uncaging experiments were initially designed to determine AMPA͞NMDA ratio at individual spines, we could get an estimate of NMDAR kinetics at single spines by fitting to a monoexponential decay of the NMDA portion of the 2P-EPSC at ϩ40 mV. Consistent with our previous observations, we also found that the decay kinetics of 2P-NMDAR currents were significantly longer in the KO compared with WT mice (Fig. 4 D and E) .
There Was No Correlation Between NMDAR Kinetics and AMPAR
Content at Individual Synapses. It has been well described that there is a gradual shift from mainly NR2B-to NR2A-containing NMDARs during postnatal development (20, 21) . In addition, the process of synaptic maturation is accompanied by the gradual incorporation of AMPARs into synapses (22) . These studies raised the possibility that the incorporation of AMPARs in synapses would parallel the shift in NMDAR subunit composition from mainly NR2B-containing receptors toward NR2A-containing receptors and that these processes might be causally related. If this were the case, one would expect a tight correlation between the NR2 subunit composition of a given synapse and its AMPA receptor content. To address this issue, we plotted the AMPA͞NMDA ratio of 2P-EPSCs against the decay kinetics of 2P-NMDAR-mediated responses at ϩ40 mV for all spines analyzed (same as those in Fig. 3) . Surprisingly, we found no correlation between AMPA͞NMDAR ratio of 2P-EPSCs and 2P-NMDAR-mediated decay kinetics in both WT (R 2 ϭ 0.001; n ϭ 20) and in KO mice (R 2 ϭ 0.096; n ϭ 26). These results suggest that the level of AMPAR expression and the subunit composition of NMDAR at individual synapses are not causally related. We also found no correlation between 2P-NMDARmediated decay kinetics and spine volume during this developmental period in both WT and KO mice (see Fig. 10B ).
The Magnitude of Long-Term Potentiation (LTP) Is Greater in PSD-
95 ؊/؊ Mice. To examine the functional consequences of the complete PSD-95 KO on synaptic plasticity, we examined LTP in the CA1 region of the hippocampus using field potential recordings in the stratum radiatum. The magnitude of LTP, induced by delivering a burst-like protocol, was much greater in KO mice than in WT littermates (field EPSP slope, compared with baseline, at 30-40 min after LTP induction: WT, 182 Ϯ 13%; KO, 331 Ϯ 41%; Fig. 11 , which is published as supporting information on the PNAS web site). This finding is similar to that reported for mice expressing the truncated form of PSD-95 (11).
Discussion PSD-95 and other members of the MAGUK superfamily of proteins are thought to be critical for the proper formation and maintenance of excitatory synapses. Using a combination of gene targeting, electrophysiological, and imaging approaches, we report that AMPAR function was impaired in PSD-95 KO mice. Specifically, this reduction was caused by a greater proportion of synapses that lack functional AMPARs (i.e., silent synapses) rather than by a general decrease of functional AMPAR across all synapses. This finding suggests a synapse selectivity for PSD-95's action. Our results further showed that silent synapses were found on morphologically mature spines in the KO mice. These results thus outline a distinct role of PSD-95 in controlling glutamatergic synapse function independent of spine morphology. Moreover, in confirmation of a previous report, we find that disruption of the PSD-95 gene results in a greater magnitude of LTP.
Complete genetic deletion of PSD-95 leads, by approximately the 2nd week of life, to a reduction in the synaptic expression of AMPARs, but not NMDARs, as was apparent mainly from the observation that the reduction in the frequency of AMPARmediated mEPSCs in KO mice could quantitatively account for the reduction in AMPA͞NMDA ratio. This finding obtained by using a loss-of-function strategy is conceptually consistent with studies showing that overexpression of PSD-95 increases AMPAR function (6, 7, 9, 10) . Interestingly, our 2P-uncaging experiments directly demonstrated a greater proportion of synapses that expressed NMDARs, and not AMPARs in the KO mice. These synapses are referred to as silent because NMDARs are nonfunctional at rest. The greater proportion of silent synapses in KO mice bears important consequences for synaptic plasticity because it is believed that silent synapses represent the preferential site of AMPAR insertion during LTP (23) (but see refs. 24 and 25) . It is thus conceivable that the enhanced magnitude of LTP we observed in KO mice directly stems from the greater proportion of silent synapses. The corollary implication of these findings is that, whereas PSD-95 appears to be a key molecule in controlling synaptic AMPARs expression, it does not appear to play an important role in the actual recruitment process of AMPARs to synapses during LTP.
In principle, the reduction in synaptic AMPAR function in KO mice could be caused by a decrease in synaptic expression of AMPARs across all synapses. Our results, however, support an alternate scenario whereby the deficit in synaptic AMPAR expression appears to be restricted to only a subset of synapses. Two independent sets of experiments lead to this interpretation. First, the amplitude of mEPSCs was unaltered by PSD-95 gene deletion (there were simply fewer events). Second, the distribution of AMPA͞NMDA ratios obtained from 2P-uncaging onto individual spines revealed that a subset of spines in KO mice displayed equally high ratios to those obtained from spines in WT mice. Together, these results suggest that a population of synapses have matured (at least with respect to synaptic AMPAR insertion) normally in the absence of PSD-95. These results therefore suggest an intriguing selectivity in the actions of PSD-95 toward a specific population of synapses. Whether this apparent specificity reflects a function inherent to PSD-95 or rather a compensatory mechanisms after PSD-95 genetic deletion is unclear. Other members of the MAGUK superfamily of proteins might be compensating for the lack of PSD-95 in a subset of synapses.
The decay kinetics of NMDAR currents were slower in KO mice. This effect can be accounted for, at least in part, by a greater synaptic expression of NR2B-containing NMDAR. In particular, our results suggest that the normal, developmentally regulated, switch of primarily NR2B-to NR2A-containing synaptic NMDAR is hindered in KO mice. Interestingly, the subunit composition of NMDARs has been suggested to decisively impact the polarity of synaptic plasticity, although contradictory findings are found in the literature (26) (27) (28) (29) (30) . Because LTP is greater, and NMDARs containing the NR2B subunit appear to dominate in the KO mice, our results are broadly consistent with the idea that NR2B-containing NMDARs preferentially trigger LTP (27) . However, we did not find any evidence that the silent synapses found in KO mice were enriched in NR2B-containing NMDARs. Because LTP is believed to be preferentially induced on silent synapses (15, 16, 23) , these findings do not support the idea that NR2B-containing NMDARs preferentially link to the induction of LTP in KO mice. However, it is possible that spines with higher NR2B-containing NMDAR in KO mice are the ones that are more amenable to LTP regardless of their initial AMPAR content (i.e., regardless of whether they are silent or not) in KO mice. Our difficulty in inducing reliable LTP by 2P-uncaging unfortunately precluded us from directly testing these possibilities at this point.
Because thin, filopodia-like spines express less AMPARs on their surface than larger, more mature dendritic spines (18), we had initially hypothesized that the silent synapses observed in KO mice would preferentially be located on smaller spines. However, combined 2P-uncaging and spine morphological analysis revealed not only that spine volume were unchanged in KO mice but also that the silent synapses encountered in these mice were distributed on spines independently of their volume. These data thus suggest that synapse functional maturation and spine morphological development can be dissociated.
The number of AMPARs expressed at synaptic sites is believed to be governed by both activity-dependent (mainly NMDARdependent) and activity-independent processes (22, 26, 31, 32) . Although results from this and other studies (6, (8) (9) (10) converge in showing that synaptic AMPARs are controlled by PSD-95, the molecular details of this effect are still unclear. First, the enhancement of AMPAR function by transient overexpression of PSD-95 does not require synaptic activity (10) , thereby suggesting that this role of PSD-95 does not merely result from a general facilitatory action on NMDAR-dependent signaling. The observation that LTP was not abolished (it was actually enhanced) in KO mice supports this view while also arguing against a direct role of PSD-95 in the recruitment process of AMPAR to synapses during NMDARdependent LTP. Yet, it was also found that the transient overexpression of PSD-95 mimicked and occluded LTP (6, 10) , thereby suggesting that LTP and PSD-95 control synaptic AMPAR by common mechanisms. Thus, it appears that PSD-95 is sufficient, although clearly not necessary, to enhance AMPAR number at synapses. The data presented here demonstrate that PSD-95 plays a critical role in controlling AMPAR expression at a subset of synapses. It is difficult to infer from our data whether the lack of AMPAR at these synapses reflects a synaptic insertion deficit or rather a synaptic stabilization deficit. Because the actual process of insertion of AMPARs after an LTP protocol is not compromised in KO mice, it is possible that PSD-95 mainly plays a role in maintaining the stability of synaptic AMPARs. 
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